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Remodellingof theactincytoskeletonplaysakey role inparticle internalisationand
phagosomematuration processes. Actin binding proteins (ABPs) are themain players in







prominently concentrated. After uptake was completed, annexin A1 along with Factin
dissociated from the nascent LBP surface. At later stages of phagocytosis annexin A1
transiently concentrated only around those gelatinLBP, which showed transient Factin
accumulation (“flashing”). Reduction of annexin A1 expression resulted in impaired
phagocytosisandactinflashing.ThesedataidentifyannexinA1asanimportantcomponent





knockdown experiments reviled that annexin A1 is important for well defined FcRs
mediatedphagocytosisbut not inmannose receptormediatedphagocytosis. Furthermore,
extracellularannexinA1alsohaddistincteffectondifferentreceptormediatedphagocytosis.
Extracellular annexin A1 strongly reduces Fcbeads internalisation but equally stimulates
manbeadsphagocytosis.









Eukaryotic cells internalise a variety of particles during their lifetime. Cells have




endocytosis or pinocytosis. Receptor mediated endocytosis is a specific process through
whichmacromolecules,virusesandsmallparticlesareinternalisedinthecells.Pinocytosis
usually refers to the uptake of fluid and solutes. Pinocytosis and receptormediated




phagocytosis in metazoans occurs in specialised phagocytic cells, such as macrophages,
dendritic cells and neutrophils. Although a large number of mammalian cell types are
capable of phagocytosis, their phagocytic efficiency varies greatly. To distinguish this
varying ability, terms nonprofessional phagocytes, paraprofessional phagocytes and
professionalphagocytesusedwhichreferringtocellswithlow,averageandhighphagocytic
competence respectively (Rabinovitch, 1995). Professional phagocytes include mainly
neutrophilsandcellsofthemonocytic/macrophagelineage,sentinelsoftheimmunesystem
that hunt and destroy any foreign particles, apoptotic or defective host cells. Professional
phagocytes have evolved into an extraordinarily complex process underlying a variety of
criticalbiologicalphenomena.Inadditionto internalisationanddegradationofpathogenic
microbes, professional phagocytes trigger activation of the innate and adaptive immune
responseafterantigenpresentationatthesurfaceofthephagocyticcell.
Inmammalsprofessionalphagocytescanbedivided in to twogroups:mononuclear
phagocytes and polymorphonuclear phagocytes.Mononuclear cells includemacrophages,
monocytes and dendritic cells, while second group includes neutrophils which are short
livingcells.Macrophagesarelonglivingcellsthatcanbelocatedindifferenttissues,suchas
theconnective tissue, thesubmucosaof thegastrointestinal tract, the lungs, the liver, the
central nervous system, bones and throughout the spleen, where they remove senescent
blood cells (Janewayetal. 2004).All thosecell typesoriginate frompluripotent stemcells
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present in the bonemarrow that differentiate in response to hematopoietic factors. After
differentiation,mononuclearphagocytesarereleasedinthebloodandremaincirculatingas




simultaneously recognisemicrobes both throughdirect binding and by binding to opsonins on the
microbesurface.Receptorengagementinducesmanyintracellularsignals,andseveralmoleculesare




Phagocytosis is initiated by the interaction of surface receptors with their cognate
ligand. Ligands can be endogenous components of the particle, exemplified by
lipopolysaccharides of bacteria and phosphatidylserine in apoptotic cells. Internalisation
triggeredbyendogenousligandsoftheparticleisknownasnonopsonic(Ofeketal.,1995).
The immune system is equipped with a variety of receptors that recognise nonopsonic
ligands, including CD14 that binds to lipopolysaccharides, as well as receptors that
recognisespecificallyphosphatidylserine,mannoseorfucoseresidues(Schutt,1999).Other
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class of the ligands areknown as opsonins,which are hostderivedproteins that coat the
surfaceofaparticle.ThebestcharacterisedopsoninsarethecomplementfragmentC3b,iC3b
andIgGantibodies.C3band iC3Bbindrelativelynonspecifically to thesurfaceofforeign
particles, whereas IgG molecules attach to the phagocytic target by recognising specific
surfaceepitopes.C3bor iC3bopsonisedparticlesarerecognisedbycomplementreceptors
members of the integrin super family, while IgGopsonised particles engage FcRs
(KwiatkowskaandSobota,1999). Inanycase,receptorengagement leadsto internalisation
of the particle into a phagosome by a complex sequence of events that require kinase
activation, alterations in phospholipidsmetabolism, remodelling of the actin cytoskeleton
andaccelerationofmembranetraffic(KwiatkowskaandSobota,1999).
2.1.1.1. Fcreceptors
In mammals, binding of immunoglobulins (Igs) to foreign particles (opsonisation)
leads to the prompt clearance of those particles from the organism. The conserved Fc
domainsoftheIgsarerecognisedbyFcreceptors(FcRs)presentonprofessionalphagocytes,
such asmacrophages and neutrophils.An opsonised particle binds to Fcreceptors and is













Another major group of receptors that mediate phagocytosis by professional






mucholder thanadaptive immunity and ispresenteven in simpleorganisms suchas sea
urchins and yet still represents an important part of the innate immune system in higher
organisms,includinghumans(Smithetal.,1999).C3biswellcharacterisedmoleculethatcan
bind tomoleculesonmicrobial surfacesandacts likeanopsoninand is recognisedby the
complementreceptor1(CR1).C3bcanbefurthermodifiedbyplasmafactorsHandI,which
convertittoiC3b.iC3bisaverypotentopsoninthatcanberecognisedbytheCR3andCR4.
The complement receptors CR1, CR3 and CR4, are expressed on macrophages and
neutrophilsandarecapableofmediatingphagocytosis(Ofeketal.,1995;Smithetal.,1999).
2.1.1.3. Mannosereceptor
The mannose receptor (MR) (CD206) is a typeI transmembrane protein that is
characterised as aGroupVICtype lectin. It shares the same overall structurewith three
other receptors (phospholipase A2 receptor, ENDO 180 and DEC205)which together are
knownastheMRfamily(StahlandEzekowitz,1998).TheMRonmacrophagesrecognises
mannose and fucose on the surfaces of pathogens and mediates phagocytosis of the
organisms. The high affinity of this receptor for branched mannose and fucose
oligosaccharides makes the MR a phagocytic receptor with broad pathogen specificity.
Structurally,itconsistsofanextracellularregioncontaininganaminoterminalcysteinerich
domain,a fibronectin type II repeatdomain, eightCTLDs, a transmembrane regionanda
shortcytoplasmic tail.Thecytoplasmic tail iscrucial toboth theendocyticandphagocytic
functionsofthereceptor,butlittleisknownaboutthesignalsthatleadtophagocytosis(East
and Isacke, 2002; Stahl and Ezekowitz, 1998).Its expression was originally thought to be
restricted to mammalian tissue macrophages but it is now known to be expressed on
lymphaticandhepaticepithelium,kidneymesangialcells,trachealsmoothmusclecellsand
retinalpigmentepithelium.Expressionhasalsobeenobservedonhumanmonocytederived
DCs (East and Isacke, 2002; Stahl and Ezekowitz, 1998) Several studies suggested that
exclusive activation of the mannose receptor cannot induce phagocytosis and other co
receptors are usually needed (Kang et al., 2005; Taylor et al., 2005). In addition to this,





cellular signalling which decides the fate and composition of the phagosome. Every
receptorsgenerateauniquesignatureonthephagosome(Hoffmannetal.,2010).
2.1.2. Phagocyticsignalling
The signalling pathways elicited by a wide array of membrane receptors involve
tyrosinephosphorylationcascades,followedbyactivationofmanydownstreamsignalling
molecules. Phagocytosis involves tyrosine kinases in many cases, although the need for
tyrosinekinasesmaynotbearequirementforallphagocyticsystems.





enzymes of the Src tyrosinekinase family promotes Syk docking to ITAMs and Syk
activation.There isabundantgeneticandbiochemicalevidencesupportingtheroleforSrc
andSykfamilykinasesintheregulationofFcRmediatedphagocytosis(GarciaGarciaand
Rosales, 2002;Kwiatkowska and Sobota, 1999;Niedergang andChavrier, 2004).Although
somemembers of the Src kinase family have been found associated to specific FcRs, it is
currently not clear whether this association is related to receptorspecific signalling
pathways. It is also possible that all kinases of the Src family converge into a common
signallingpathwaythatregulatesphagocytosis(Grovesetal.,2008).
Participationof tyrosinekinases inCRmediatedphagocytosis is controversial.Early
reportsdemonstratedthatphagocytosisofcomplementopsonisedzymosan(yeastcellwall)
and of complementopsonised erythrocytes is unaffected by tyrosine kinase inhibitors
(Grovesetal.,2008;KwiatkowskaandSobota,1999;NiedergangandChavrier,2004).This
ruled out the participation of tyrosine kinases in this type of phagocytosis. This notion is
furthersupportedbythefactthatmacrophagesfromSyk/miceshownormallevelsofCR
mediatedphagocytosis (Kiefer et al., 1998).However, 2 integrin stimulation by adhesive
ligands, or by artificial integrin crosslinking with antibodies induces various cellular
responses in a Src and/or Syk kinasedependent manner (Mayadas and Cullere, 2005).
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Additionally,itwasreportedthatCR4mediatedphagocytosisofMycobacteriumtuberculosis
induced tyrosinephosphorylationof severalproteins.However, thedirect involvementof
tyrosine phosphorylation in CR4mediated phagocytosis was not evaluated. Whether
tyrosinekinasesareindeeddispensableduringCRmediatedphagocytosisremainsunclear.
There are several proteins reported to be involved in signalling during the
phagocytosis.BelowIsummarisedtheroleofsomeimportantsignallingmoleculesduring
Fc receptor (FcR), complement receptor (CR) and apoptotic cell receptor mediated
phagocytosis.
SignallingMolecule FcR CR ACR
Phosphatidylinositol3Kinase + + +
ProteinKinaseC + + +
PhospholipaseA2 + + N.D.
PhospholipaseC +  +/
PhospholipaseD +  N.D
ExtracellularsignalregulatedKinase + +/ +/
(+=important,=Notimportant,+/Notclear,N.D.=notevaluated)
Muchworkremainstobedoneindescribingthesignallingpathwayselicitedbymany




Once internalised with help of actin dynamics (explained bellow), the phagosome
maturesviaaseriesoffusionandfissioneventswithendocyticpathway.Theactinfilaments
that surround newly internalised phagosomes rapidly depolymerise, which leaves the
phagosomemembrane available to fusewith endosomes and lysosomes. Thephagosomal
membrane undergoes a progressive maturation, and its composition changes, first
containing componentsof theplasmamembrane, thenearlyendosomesand subsequently
acquiringmarkersfoundinthelateendosomeandlysosomecompartments.Ingeneral,the
earliestmarkers seenwithin the first fewminutes after sealing of the phagosome include




occurs. Loss of the plasma membrane and endosomal proteins then coincides with the
acquisition of late endosome/lysosome components. These include lysosomeassociated
membraneproteins(LAMPs),rab7,cathepsinDandotherhydrolyticenzymes.Duringthis
period thepHof thephagosome continues todrop to levels consistentwith the lysosome
(pH5)(AderemandUnderhill,1999;Araki,2006;Haas,2007;Hoffmannetal.,2010;Vieiraet
al.,2002).Thetimingofthesestepsappearstodependonthetypeofparticlebeingingested






phagocytic receptors. However, phagocytosis appears to be regulated by key signalling
moleculesthataresharedbymostphagocyticsystems.Intheend,however,allphagocytic




extension,andasastructural framework formyosindrivenphagosome internalisation.On
theotherhand,themicrotubulecytoskeletonappearstobenecessaryforlocalactivationof
Rho familyGTPases at sites of phagosome formation.Different phagocytic systems show
particularcytoskeletonrequirementstoachieveparticleinternalisation.
One of the earliest differences observed between different phagocytic systems were
structural. These differences were found through microscopy studies. FcRmediated
phagocytosis and apoptotic cell phagocytosis occur with extensive pseudopod extension
surrounding the phagocytic targets. CRmediated phagocytosis, in contrast, occurs in the
absence of pseudopod extension, and complementopsonised phagocytic targets appear to






Signalling elements critical to the control of actin reorganisationduring a varietyof
phagocyticsignallingprocessesaretheRhoGTPbindingproteins.RhofamilyGTPasesplay
akeyroleinthebiochemicalregulationoftheactinandpossiblymicrotubulecytoskeletons
during phagocytosis (Chimini and Chavrier, 2000; Niedergang and Chavrier, 2005). The
mechanism of activation of Rho family GTPases involves the transition from an inactive,
GDPbound, to an active GTPbound state. This transition is catalysed by guanine
nucleotideexchange factors (GEFs) (Niedergang andChavrier, 2005).When activated and
bound to GTP, they interact with downstream effectors, for example to mediate Arp2/3
recruitmentandactinpolymerisationduringphagocytosis.InactiveGDPbound,Rhofamily
G proteins are thought to be cytosolic and bound to a guanine dissociation inhibitor
(GDI)(ChiminiandChavrier,2000;NiedergangandChavrier,2005).
Vavandp190RhoGEFareGEFsthatareimplicatedinphagocytosis.Differentialuseof
these GEFs has been observed among phagocytic systems (Groves et al., 2008; May and
Machesky, 2001; Niedergang and Chavrier, 2005). Vav participates in FcRmediated
phagocytosis,butnotinCRmediatedphagocytosis(Grovesetal.,2008;MayandMachesky,
2001;NiedergangandChavrier,2005).DuringFcRmediatedphagocytosisVavisrecruited
to sites of phagosome formation where it specifically activates Rac. CRmediated
phagocytosis,ontheotherhand,appearstodependonp190RhoGEF(Grovesetal.,2008;May
andMachesky,2001;NiedergangandChavrier, 2005). Interestingly, pl90RhoGEFhasbeen
shown to interact with the microtubule cytoskeleton. Activation of Rho family GTPases
during apoptotic cell phagocytosis, on the other hand, appears to be mediated by
phosphorylationdependentadaptermoleculeswithassociatedGEFactivity,suchasp130cas,
CrkII,Dockl80,andELMO1(ChiminiandChavrier,2000).FcRmediatedphagocytosis is





manner and is accompanied of extensive pseudopod extension, structurally resembling
FcRmediatedphagocytosis(ChesaroneandGoode,2009).
2.2.2. Actinpolymerisationandnucleationatsitesofphagosomeformation
A predominant feature of phagocytosis is the accumulation of actin and associated
proteinsatthebaseoftheformingphagosome.Ithaslongbeenrecognisedthatremodelling
of actin filaments is required for efficient particle internalisation and studies of the
regulationofactinreorganisationhaveidentifiedseveralproteinsandlipidswithdirectroles
in this process. Rho family GTPases have a fundamental role in the regulation of the
formation of actin filaments that are necessary for pseudopod extension, and formyosin
drivenparticleinternalisation.RhofamilyGTPasespromoteactinpolymerisationatsitesof










the local recruitmentof thehematopoieticspecificNPFWASP(WiskottAldrichSyndrome
Protein). WASP recruitment to forming phagosomes may be mediated through its direct




The participation of WASP in CRmediated phagocytosis has not been evaluated.
However, CRmediated phagocytosis does depend on Arp2/3 recruitment to forming
phagosomes.DuringCRmediatedphagocytosis theArp2/3complex is recruitedinaRho
dependentmanner. In this systemArp2/3 recruitment to formingphagosomes is a down
stream event, occurring after activation of the Rho kinasemyosin II signalling pathway.
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Additionally, Arp2/3 may be recruited to forming phagosomes by its interaction with
myosin I, the only myosin isoform known to directly interact with Arp2/3. Because
phagocytosisbyCRsproceedsintheabsenceofpseudopodextension,themostlikelyrole
foractinfilamentsinthissystem,istoprovidethestructuralframeworkformyosindriven




provide the structural framework for themyosindriven contractile activity, necessary for
particleinternalisation(MayandMachesky,2001).Thisactindependentcontractileactivity
is mediated by several myosin isoforms. Myosins are motorproteins that couple their
ATPaseactivitytomovementalongactinfilaments(Castellanoetal.,2001).Bycouplingits
movement to adapter molecules, myosins can thus regulate the transport of vesicles,
organelles and other particles along actin filaments. Several myosin isoforms have been
found located around phagosomes, suggesting that some of them are required for
phagosomeinternalisation(ChesaroneandGoode,2009).
MyosinIIappearstoberequiredforFcRmediatedphagocytosis.1 	Pharmacological
inhibition ofmyosin II, or of its upstream activatorMLCK results in phagocytosis arrest.
Othermyosin isoforms, includingmyosinIC,myosinVandmyosin IXb,havebeenfound
locatedaroundphagosomesduringFcRmediatedphagocytosis. It is thuspossiblethatat
least one of them participates in phagosome internalisation (Araki, 2006). CRmediated
phagocytosis also depends on myosin II activity. Myosin I has also been found located
aroundphagosomesduringCRmediatedphagocytosis.Additionallytothepossiblerolefor
thesemyosinisoformsinphagosomeinternalisation,theymayalsoparticipateinactinfibre




Duringphagocytosis, as inmany actindependent cellular processes, actindynamics








the control of actin disassembly. Prompt disappearance of Factin from phagosomes has
been observed in Dictyostelium and in mammalian phagocytes; following closure of the
phagocytic cup (Chesarone and Goode, 2009; Dominguez, 2009; Wear et al., 2000). The
hydrolysis of phosphatidylinositol 4, 5 bisphosphate (PIP2) from the phagosomal
membranethatcoincideswiththedissociationoftheactinnetwork(ChesaroneandGoode,
2009; Dominguez, 2009; Wear et al., 2000). This is consistent with the idea that optimal
WASP/NWASPinduced,Arp2/3dependentactinpolymerisationdependsontwoinputson
WASP:activeCdc42andPIP2.Cdc42activityneednotbeterminated;ifWASPisnolonger
localisedoractivatedbyPIP2, itwillnotbeable tobindandactivate theArp2/3complex,
haltingactinnucleationandpolymerisation(ChesaroneandGoode,2009;Dominguez,2009).
2.2.5. Theroleofthecytoskeletonduringphagosomalmaturation





is transported toward the interior of the cell in a microtubuledependent fashion. While




maturation, as indicated by decreases in phagosomal acquisition of lateendosomal and
lysosomalmarkers,includingLAMP2,(Desjardinsetal.,1994b;Desjardinsetal.,1994a)and
by inhibition of phagosomelysosome fusion in cells treated with microtubule
depolymerisingagents(Blockeretal.,1996).Themechanismbywhichphagosomesassociate
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withmicrotubules is yet to be discovered.Onepossibility is throughmembers of the rab
family of GTPases discussed above. Rab4a, rab5 and rab11 have been shown to associate
with phagosomes and have demonstrated interactions with microtubules (Chimini and
Chavrier,2000).









regulators of actin nucleation that may initiate the formation of actin structures on the
surfaceofphagosomes.Thismodelissupportedbythedemonstrationthatezrinandmoesin
cannucleateFactinassemblyonthesurfaceofphagosomesinvitro(Defacqueetal.,2000).In
addition to supporting phagosomal motility, Factin filaments may contribute to the
maturationof the fully formedphagosomeby facilitating thedeliveryofotherendosomal
compartments to thephagosome. Studies inan in vitro systemsuggest thatanappropriate
levelofactinfilamentassemblyisrequiredtoallowphagosomeendosomefusion.Enough
actin filaments are needed, emanating from the phagosome, for the efficient transport of
endosomes to the phagosome (Jahraus et al., 2001a). An excess of Factin around the
phagosome,however,mightimpedethedeliveryofendosomesandretardbiogenesisofthe
phagolysosomes.Whilemuchremainstobelearnedaboutthisprocessinvivo,itisbecoming












Annexins are a family of cytosolicCa2+bindingproteins characterised bynonEFhandor
type II Ca2+ binding sites. Ca2+binding enables annexins to interact with membranes
containingacidicphospholipidsandCa2+dependentphospholipidbindingisconsideredthe






12 annexins common to vertebrateswere recently classified in the annexin A family and
named as annexins A1A13 (Moss, 1992; Raynal and Pollard, 1994). Annexins outside
vertebratesareclassified intofamiliesB (in invertebrates),C (infungiandsomegroupsof
unicellulareukaryotes),D (inplants),andE (inprotists);at least40additionalsubfamilies
awaitformalclassificationintothesefamilies.
2.3.1. Annexinsstructure
All annexinsdisplay similar properties regardingCa2+ andphospholipid is due to a
commonprimarystructure.Eachannexinisconstitutedoftwodifferentregions,theunique
Nterminaldomain,alsocalledtailandtheCterminaldomainnamedcoredomain.Thecore
domain made up of four similar repeats, each approximately 70 amino acids long. Each
repeat ismadeupof fivehelices andusually contains a characteristic ‘type2’motif for
binding calcium ions with the sequence ‘GxGT[38 residues]D/E’ (Figure 2A). Annexins
bind to a wide variety of other proteins. Many annexins have posttranslational
modifications,suchasphosphorylationandmyristoylation(Figure2B); suchmodifications
and surface remodelling of individual members presumably account for much of the
subfamily specificity inannexin interactions (GerkeandMoss,2002).Thecoredomainsof
most vertebrate annexins have been analysed by Xray crystallography, revealing











































these in turn are wound into a right handed superhelix. The four repeats pack into a
structure that resembles a flatteneddisc,with a slightly convex surface.Themore convex
sidecontainsnovel typesofCa2+bindingsites, the socalled type IIand type III sites, and
faces themembranewhen an annexin is associated peripherallywith phospholipids. The
more concave side points away from the membrane and thus appears accessible for
interactionswith theNH2terminal domain and/or possibly cytoplasmic binding partners
(GerkeandMoss,2002;Moss,1992;MossandMorgan,2004;RaynalandPollard,1994)
In contrast to the coredomain, the sequence of theNterminal domain is extremely





by the convex, or opposite, side possibly through stabilising or destabilising slightly
differentconformationsofthemolecule.Thisunderlinestheregulatoryimportanceofeven
thesmallNH2terminaldomains,whichpreviouslybeenpostulatedduetothepresenceof
sites for posttranslational modifications (Gerke and Moss, 2002; Moss, 1992; Moss and
Morgan, 2004; Raynal and Pollard, 1994). Variable Nterminal sequences resulted in
significantlyalteredpropertiescouldfunctionaldiversityamonghighlyconservedannexins.






produced by transglutaminase that crosslinks residues localised within the proteinase








homologous repeats, each 6869 amino acids long and containing five  helices and a type2 Ca2+
bindingsitewiththesequenceGxGT[38residues]D/E.TheindicatedresiduesGlu89andArg265are
considered key components of the putative calcium channel function. Adapted from (Moss and
Morgan, 2004).(B) TheN terminal domains of annexinA1 and annexinA2 are similar in size and
phosphorylationsitesbutdifferinotherways.Adaptedfrom(Moss,1992)
2.3.2. Cellulardistributionofannexins
Annexins are generally cytosolic proteins.Most annexins are abundant intracellular
with pools of both a soluble form and a form stably or reversibly associated with




A2, A4, A5, A6, A7, A11) to selective (annexin A3 and annexin A8 in neutrophils and
placenta, respectively) or restrictive (annexin A9 annexin A10 and annexin A13 in the
tongue,stomachandsmallintestinerespectively)
2.4. AnnexinA1
Annexin A1, formally known as lipocortin 1, initially identified as the anti
inflammatoryproteinand later its roleswasalso implemented incancer (Caoetal.,2008),






cytosolicproteinbut it isalsofoundontheplasmamembraneandcellularorganelles, like




Like any other annexins, annexin A1 goes through posttranslation modifications.
AnnexinA1getsphosphorylatedonTyr21byrecombinantpp60csrc,recombinantpp50v
ablandEpidermalGrowthFactorreceptor/kinase(EGFR) invitro (Varticovskietal.,1988).
ThetyrosinephosphorylationofannexinA1greatly influences its lipidbindingproperties.
Phosphorylation of annexin A1 by the EGFR reduced Ca2+ requirements of phospholipid
vesiclebindingandproteolyticdegradation(Rothhut,1997).Studiesalsosuggestedthattyr
21 phosphorylation is also important for EGF stimulated internal vesicle formation. The




aggregation of chromaffin granules (Rothhut, 1997). In addition to promoting fusion of
liposomes,annexinA1anda truncated formofannexinA1 lackingnineresidues fromN
terminus were found to promote fusion of liposomes with plasma membrane vesicles
isolatedfromneutrophils(Mieleetal.,1988).
Annexin A1 has been found to interact with Filamentous actin (Factin) in vitro;












Gerke andMoss, 1997). Indifferentiatedhumanmonocytes, phagocyticuptake ofBrucella




nonopsonised zymosan (Yona et al., 2005). Knockout of annexin A1 also altered the
cytokinesproduction andphagocytic receptor expression inmousemacrophages (Yanget
al.,2006;Yangetal.,2009;Yonaetal.,2004;Yonaetal.,2006).
AnnexinA1makesupfor24%ofthetotalcytosolicproteinandisfoundingelatinase
granules in neutrophils. Annexin A1 is secreted on cellular adhesion to the endothelium
whenthesegelatinasegranulesarereleased.Onrelease,annexinA1isthoughttobindtoits
receptor, which brings about cell detachment and inhibits transmigration of leukocytes





In last decade several proteomic studies have been set out to understand the protein 
composition of phagosomes (Desjardins et al., 1994a; Griffiths and Mayorga, 2007; 
Martinez-Solano et al., 2006; Morrissette et al., 1999; Slomianny et al., 2006) Most of these 
studies focused on the composition of the proteins rather than their individual functions. Like 
many other ABPs, annexins are also present on the phagosomes but their role in the 
phagosome biogenesis is still poorly understood. 
Therefore the specific aims of the current study were: 
1.  To indentify the protein(s) important for phagosome and F-actin binding during late 
stages of phagocytosis using the conventional and advanced biochemical and 
proteomic techniques. 
2.  To check the importance of the identified protein during different stages of 
phagocytosis in vivo.  
3. To evaluate the importance of the protein in different receptor mediated phagocytosis. 
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o Sterile cell culturematerial, likepipettes, dishes and flasks, cell scraper, centrifuge
tubes(TPP,Switzerland)





J774.A1 and RAW 264.7 cells were maintained on 150 mm cell culture plates.
Confluent cell layerswere splitusingTrypsinEDTA.ForLBP isolation J774.A1cellswere
grown on 245 × 245mmplates. For phagocytic experiments cellswere grown on 24 or 6
wellsplates.Tomakeliquidnitrogenstocks,cellswereharvestedusingTrypsinEDTA.Cells
pelletwasresuspendedFBScontaining10%DMSOandkeptat200Cfor2hoursfollowedby
800Covernight.Nextday cellswere stored in liquidnitrogen. To avoid the influence of
changes in the internalisation characteristics of this cell line, J774.A1 and RAW 264.7























Isolation of LBP was carried out as described previously (Al Haddad et al., 2001;
Desjardinsetal.,1994a)withslightmodifications.J774.A1macrophagesweregrownincell
culturedishesuntiltheyreachedaround80%confluency.Latexbeadsuspensionsadjusted
to 1% solidswere vortexed, sonicated andwashed three times in PBS to remove sodium
azide.Stocksolutionoflatexbeadswasaddedtoprewarmedinternalisationmediumata
ratioof1:50.CellswerewashedwithPBSandinternalisationmediumwasadded.Uptakeof
latex beads (‘pulse’ time) was allowed for 1 hour at 370C under continuous wiping to
increase internalisation efficiency. Noninternalised beads were removed by intensive
washingofthecellswithPBSfollowedbyanotherhourofincubationincellculturemedium





at 40C. Cell pellets were resuspended in icecold Homogenisation buffer and centrifuged
with2500rpmfor5minutesat40C.Thefinalvolumeofthecellpelletwasmixedwiththe
sameamountoficecoldHomogenisationbufferandlysedwitha1mlsyringefittedtoa22
gauge needle on ice using 1520 strokes. Homogenisation success and cell breakage was
monitoredby phase contrastmicroscopy after adding trypanblue.After centrifugation at
800×gfor15minutesat40Ctoremovenucleiandintactcells, thepostnuclearsupernatant
containing phagosomes was collected and gently mixed with the same amount of












adjusted to 40% sucrose including 1.3 M NaCl and purified by discontinuous sucrose
gradient centrifugation. 1 ml of the 40% sucrose suspension was overlaid with 1.5 ml
Homogenisation buffer containing 25% sucrose and 0.5 ml Homogenisation buffer
















icecold PBS and centrifuged with 1500 rpm for 5 minutes at 4 °C. Cell pellets were
resuspendedinicecoldHBKSandcentrifugedwith2500rpmfor5minutesat4°C.Thefinal
volumeofthecellpelletwasmixedwithicecoldHBKSataratioof2.5:1andlysedonice
with a 5ml syringe fitted to a 24gauge needle using 15 strokes followed by a 25gauge
needleusingaround10strokes.Homogenisationsuccessandcellbreakagewasmonitored
byphasecontrastmicroscopyafteraddingtrypanblue.Afteracentrifugationstepat9100×g
for 15 minutes at 40C using a Beckman TLA 120.1 rotor, supernatant was collected,
transferred to a new tube and centrifuged at 145000×g for 60 minutes at 40C. Protein
concentrationwas determined according to (Bradford, 1976). Cytosol aliquotswere snap








J774.A1 cells were grown on 250mm culture plates overnight as mentioned before
(refer3.1.1). On next day cells were washed with prewarmed PBS and incubated with
cysteine and methionine free DMEM for 12 hours to deplete any intracellular pool of
cysteine andmethionine.Thereafter cellswere incubatedwith 35S, 100g/ml cysteine and
methionine, in cysteine and methionine free medium, containing 1% FCS,
Penicillin/Streptomycin+nonessentialaminoacidsfor12hours.Afterincubationcellswere















Cells were fixed in PBS containing 4% paraformaldehyde and 4% sucrose for 20
minutesatRTfollowedbyquenchinginPBScontaining50mMNH4Clfor10minutesatRT.
Permeabilisation,whenrequired,wasachievedbytreatmentwith0.2%TritonX100inPBS
for 5 minutes at RT. For annexin A1 and annexin A2 staining cell permeabilisation was
achieved with 0.1% saponin in PBS. After blocking of unspecific binding sites with PBS
containing 1%white gelatin ‘gold’ for 60minutes, sampleswere incubatedwith primary















After trypsinisation cells were washed with prewarmed PBS. 2 × 106 cells were
resuspended in 100 l Electroporation buffer. For nucleofection, between 0.1  1 nmol of
siRNA/24 g plasmid DNA were added and incubated for at least 5 minutes at RT.
Subsequently macrophages were transferred to 0.2 cm electroporation cuvettes with
subjectedtotwoelectricshocksusingGenePulserII.Thefirstelectricshockwasgivenwith
highvoltage and lowcapacitance (1000V, capacitance 10F), followedby secondelectric
shock with low voltage and high capacitance (100 V, maximum capacitance). After





cells) using siRNA transfection reagent (sc29528, Santa Cruz, USA) as per the
manufacturer’s instructions.After72hoursof transfectioncellswere checked for thegene
silencingandusedfortheexperiments.
Lentivirus:
Annexin A1 shRNA lentiviral particles (sc29682V) was transfected to RAW 264.7









o Bluefluorescent carboxylatemodified microspheres containing 2% solids of
diameter1m(Cat.F8815;Invitrogen,Germany)
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o Activator of surface carboxyl groups: N(3Dimethylaminopropyl)N















was added to give a final concentration of 100 mM. The suspension was incubated for
another30minutesontheverticaltuberotatoratRT.Coupledlatexbeadsweretransferred
toconicalEppisandcentrifugedwith6.000×gfor5minutesat40Ctoseparateparticlesfrom
unbound protein. Pelletswere resuspended in PBS andwashwas repeated twice. Pellets
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bead suspension andmixed on a vertical tube rotator for 1 hour at RT. Another 0.14ml
EDACwasaddedandmixedfor1hour.Subsequently,2mlstopbufferwasaddedtothe
suspension, which was centrifuged in conical Eppis with 6.000 × g for 5 minutes at RT.
Pelletswereresuspendedinstopbufferandcentrifugedagainfollowedbythreewashesin








and mixed for 1 hour. Subsequently, suspension was centrifuged in conical Eppis with




Eppis again. Pellets were resuspended in stop buffer and centrifuged again followed by
another spin down in stop buffer. Coupled latex beadswerewashed three times in PBS,





Actinbinding assays were analysed by conventional epifluorescencemicroscopy as
described previously (AlHaddad et al. 2001). Fluorescence images were recorded by a
chilled SenSysCCD camera system (Photometrics Inc.,USA) and aUniblitzD122 shutter
(VincentAssociates,USA).Forselectiveexcitationandspecificdetectionofemittedradiation
of used fluorescent dyes, different filter sets were available (Nikon, Japan). Images were
againtransferredtoaMacintoshcomputerandanalysedbyIPLabSpectrumsoftware.Live
cell imaging at 37 °C and analysis of fusion assays as well as uptake rates of fixed
macrophageswereperformedbyconfocal fluorescencemicroscopyusingaTCSSP2 laser
scanning microscope (Leica, Germany) equipped with a 405 nm diode laser, an argon
kryptonlaserwithlinesat458,476,488,514nmandheliumneonlaserswith543,594and
633nmlines.Thesystemalsocontainedacoustoopticaltunablefilters(AOTF),anacousto
optical beam splitter (AOBS) and four prism spectrophotometer detectors that permitted
simultaneousexcitationanddetectionofmultiple fluorochromes.Threedimensional scans
of usually 0.2 or 0.3 um zstacks were recorded and analysed by the help of the cross












The cytosolwas fractionatedby size exclusion chromatographywith theuseofBio
Silect SEC 4005 column on a BioRad Biologic workstation. Usually 710 mg (~250 l)
cytosolic proteins (3.1.3)were loaded on columnpreequilibratedwithHB and run at 0.5
ml/minuteflowrate.Columnwaswashedwith3columnvolumeofHBbufferand250l
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fractions were collected. To check the protein content in each collected fractions, 2 l of
fractionwasblottedonnitrocellulosemembraneandstainedwithaminoblackreagentfor2
minutes followed by the 23 times was with distaining solution. Stained nitrocellulose
membranewasscannedandintensityofeachspotwascalculated.Spotintensityofeachspot
was comparedwith spot intensityof standards (at least 5 serialdilutionswereprepared).
Obtained fraction was flash frizzed in liquid nitrogen and stored at 800C for long term
storage. Each protein containing fraction was checked for actin binding activity (3.5.1).








1.5 microcentrifuge tubes. To achieve protein precipitation at 30% ammonium sulphate,
saturatedammoniumsulphatesolutionwasaddeddropwisetoactivefraction.Mixturewas
kept at 40Cwith constant stirring for 45minutes. Precipitated proteinswere collected by
centrifugationat5000×gfor15minat40C.Supernatantwascarefullytransferredtoanother
microcentrifuge tube. To achieve protein precipitation at 50% ammonium sulphate,
saturated ammonium sulphate solutionwas added to the supernatant of 30%ammonium
sulphate as mentioned before. Amount to be added was calculated as mentioned in
supplementary table 1. Similarly, protein was precipitated at 80% ammonium sulphate










l P11, pre-equilibrated with HB for 20 minutes at 40C. After two washes with HB to remove 
unbound proteins, bound proteins were eluted with 50-100 l of 1M NaCl in HB. Eluted fractions 




o Cheesecloth; Tefloncoated homogeniser; semipermeable dialysis tubing, poresize
diameter:5nm,MWcutoff:14kDa(allfromRoth,Germany)





Gactin was isolated by the method of Spudich & Watt (1971) with slight
modifications. 5 g of rabbitmuscle acetonepowderwaswashed in aquadest. twice for 5
minutesat40C.Solutionswerepassedthroughseverallayersofsterilecheesecloth.Washed
powderwasincubatedin100mlicecoldGbufferundercontinuousstirring(500rpm)for40
minutes at 40C. Solution was again passed through several layers of sterile cheesecloth.
Filtrate was centrifuged in a T 647.5 rotor with 30.000 rpm for 15 minutes at 40C and
supernatantwastransferredtoabeaker.Whilestirringslowlyat40C,solutionwasbrought
to50mMKCl,2mMMgCl2and1mMNaATP.Thebeakerwassealedwithparafilmand



































Heat competentE.coli BL21 (DE3)was transformedwithpKKAnxI (Seemannet al.,
1996). Transformed bacteria were grown at 370C in LB medium containing 150 g/ml
ampicillin.Bacterialcellswere inducedwith0.4mMIPTGat late logphase(0.81.0OD600).
Cellsweregrownforanother4hoursandharvestthecellsbycentrifugationat6000×gfor
20minutes.Cellpelletfrom200mlwasresuspendedin10mlBufferAplus1mMDTT,1mM
PMSF, 0.5mM Benzamidine and 1:500 protease inhibitors cocktail. Cells were lysed by
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repeated freeze and thaw cycles followed by short sonication to shear DNA. Lysed cells
were centrifuged at 100,000 × g for 30min at 40C. Supernatant dialysed against Buffer B
contain 1mM PMSF. Dialysed extract applied to a DE52 column. The flow throughwas
collected and 1:500 protease inhibitor cocktail, 1mM PMSF, 5mM CaCl2 and 1mg/ml

















directly. Subsequently, all SDS samples were boiled at 900C for 5 minutes to denature
proteins. If necessary, DNA was destroyed by a short ultrasonic treatment on ice. The




transferred onto nitrocellulose membranes for further immunoblotting (3.4.7). For
Coomassie staining, gels were incubated with Coomassie R250 staining solution for 45
minutesunder vigorous shaking.Afterwards the stainedgelswerewashed anddistained












o Hybond nitrocellulose membranes, Hyperfilm and ECL western blot detection
reagent(Amersham,GEHealthcare,UK)
3.4.7.2. Procedure
Following separation in acrylamide gels, protein mixtures were transferred to
nitrocellulose (NC) membranes to analyse them for the presence of specific proteins
applying antibodies, a method known as immuno or western blotting. NC membranes,
filter papers, sandwich pads and migrated acrylamide gels containing proteins were
equilibrated in blot buffer for 20 minutes and assembled in cassettes following the
manufacturer’s instructions.Thesampleswere transferredon tonitrocellulosemembranes
usingatankblottingdeviceinblotbufferatconstant30Vovernightor75Vfor90minutes.
SuccessoftransferwascheckedbyproteinstainingusingPonceauSsolutionfor3minutes
Afterwards themembranes were rinsed with aqua dest. and images were taken using a
conventionalflatbedscanner.PonceauSstainingwasremovedbywashingwith1XTTBS




Membranes were washed three times with TTBS for 10 minutes followed by




chemiluminescent signals were visualised onto films and scanned for quantification. If
necessary,membranewasstrippedusingstrippingbufferandusedforimmunoblottingof
secondantibody.









The sample was acidified to 5% acetic acid and then desalted on a C18 column.
Approximately 25% of the digestwas introduced into themass spectrometer for analysis
using two run conditions. The complete procedure for LCMS/MSwas performed by the
Biomolecular Research Facility at the Virginia University in Charlottesville, USA by the
groupofDr.NicholasSherman.TheLCMS systemconsistedofaFinniganLCQ ion trap
mass spectrometer system (ThermoFisher Scientific, Inc.,USA)with aProtanananospray
ion source interfaced to a selfpacked 8 cm × 75 m id Phenomenex Jupiter 10 m C18




todeterminepeptidemolecularweights andproduct ion spectra todetermineaminoacid
sequence in sequential scans. This mode of analysis produces approximately 3000 CAD
spectra of ions ranging in abundance over several orders of magnitude. The data were
analysed by database searching using the Sequest algorithm (developed by J. Eng and J.
Yates, The Scripps Research Institute, La Jolla, USA) against mouse IPI accessions.This
programconvertedthecharacterbasedrepresentationofaminoacidsequencesinaprotein



























same concentration (ratio: 1:1) of rhodamineconjugated phalloidin for 2 hours. Prepared
andstabilisedFactinfractionswerekeptoniceandwereusedforexperimentswithintwo
weeks.
Coverslips were coated with 0.1 mg/ml polyLlysine diluted in aqua dest. for 15











and incubated for 3 minutes followed by a wash with 10 l Gbuffer with additives.
Nonspecificbindingwasblockedbyperfusionof thechamberwith10lcaseindilutedin
HBfor5minutes.Subsequently,excessFactinandcaseinwerewashedoutby10lHBS.
Binding reaction mixtures were prepared in HBS on ice with a final volume of 810 l.
Reactionmixtureswerefreshlypreparedinthefollowingorder:1.)HBS,2.)cytosol/protein
fraction 3.) additional factors (e.g. lipids, nucleotides, etc) and 4.) LBP. Isolated LBPwere
usually diluted to a working concentration of 0.006% [wt/vol]. Reaction mixtures were
perfused into the chamber and incubated for 20minutes. Thereafter, unbound LBPwere
washedoutbyperfusionof 10lHBS.Chamberswere sealedusingVaLaP.LBPbinding
wasanalysedby fluorescencemicroscopywith theuseofaNikonmicroscope.Thebound
phagosomesper fieldwerecounted (~field surfaceareaof22,000m2)andvalues fromat






















Actin/thymosin4 (1:2.5 ratio) complexeswerepreparedbyadding10l 20MG
actinand2.5l200Mthymosin4in7.5laquadest(20lfinalvolume).
For actin nucleation reaction mixture was prepared by adding 1X RB buffer, 1X G
buffer, 200 M ATP, 2 l  Gactin/thymosin4 complexes, 15 l of LBP (depending
concentration),additivetobetestedandxvolumeofaquadesttobringfinalvolumeto10
l.Reactionmixturewasincubatedonicefor5minutesindark.2lreactionmixturewas
applied on gelatin coated glass slide and covered with 22×22 mm coverslip. Coverslip











The radiolabelled proteins were separated by electrophoresis using an aqueous
polyacrylamidegel.Separationwasfollowedbysoakingthegelinabout20timesitsvolume
ofdimethylsufoxide(DMSO)for30minutes,andthenimmersedsecondtimefor30minutes
in freshDMSO to displace all thewater from the gel. The gelwas then soaked in a 20%




































RabbitIgG Goat 1:300  Invitrogen,Germany
Antimouse
Alexa594
MouseIgG Goat 1:300  Invitrogen,Germany
AntirabbitHRP
conjugate











ArachidonicAcid 125M EtOH SigmaAldrich,USA
PtdIns(4,5)bisphosphate(PIP2) 50M EtOH SigmaAldrich,USA
ATP 1mM Aquadest SigmaAldrich,USA
ADP 1mM Aquadest SigmaAldrich,USA
AMPPNP 1mM Aquadest SigmaAldrich,USA
GTP 0.1mM Aquadest SigmaAldrich,USA
GDP 0.1mM Aquadest SigmaAldrich,USA








components. Actin filaments and ABPs play an important role during particle
internalisation.Studiesalsosuggestthatphagosomesrapidlylosetheirabundantactincoats
soonaftertheinternalisationwhichisanimportantphenomenonofphagosomematuration.
The participation of actin and ABPs in later events of phagocytosis like acidification by
fission and fusion events with different cell organelles is less clear. There are several
insinuation like the capability ofmaturing phagosomes to nucleate actin (Defacque et al.,
2000; Jahraus et al., 2001b) to interact with and recruit actinassociated proteins and the
presence of actin and ABPs in mature phagosomes determined by proteomic analysis
(Desjardinsetal.,1994a)whichsupportsaninvolvementofactinintheseprocesses.Given






PLL and blocked for unspecific binding sites, phagosomes and additional factors were
perfused into the chamber to allow binding to these preformed actin networks. After
incubationunboundcomponentsarewashedoutandsamplesareanalysedbyconventional
fluorescencemicroscopybydeterminingnumbersofboundphagosomestoactinfilaments
per microscopic field. This assay is not only highly reproducible, but gives highly
quantitativeresults.Usingthisassay,onecantestdifferentreagentsandproteinswhichcan





to study different aspects of phagocytosis and can be isolated with high purities. The
analysisofthesephagosomesandtheirbindingtoFactininvitro isimportanttounderstand




isolated from J774.A1macrophagesbydiscontinuous sucrose gradient centrifugation after
one hour pulse followed one hour chase. We selected gelatinbeads over other ligands
becauseof lowcost,easytocoupletocarboxylatedlatexbeadsandmost importantlynon
specificity.Tostudythegeneralmechanismofanyproteingelatincoatedlatexprovideideal
platform because of its unbiased binding to the phagocytic receptors. Moreover, slow
internalisationofgelatinbeadsallowedme tocharacterisedifferentstagesofphagocytosis
duringinvivostudies.
Firstly, the basic prosperities of gelatinLBPwere checked. Isolated LBP containing
gelatincoupledlatexbeads(gelatinLBP)wereanalysedwithoutsaltstripping(Figure4A).
Interestingly, these gelatinLBP were able to bind to Factin in vitro ((Figure 4A). This
































































in Figure 4B). Higher protein concentrations always caused reduction in FactinLBP
interaction.Data suggested that thecytosolmight containboth stimulatoryand inhibitory
activities which compete with each other for the binding site on LBP surface. Due to
complexityofthecytosolforIdecidedtofractionatethecytosol.
4.1.2. SizeexclusionchromatographyofJ774.A1cytosol




40 mg/ml) J774.A1 cytosol. Cytosol was run on gel filtration column as mentioned in
materialsandmethods.Eachcollectedfractionwasblottedonthenitrocellulosemembrane
and stained with aminoblack. Intensity of each blot was compared with standards to
determineproteinconcentrationofeachfraction.Theensuingfractionscontainingproteins
werecheckedfortheirabilitytostimulateFactinLBPbinding.Themajorpartoftheactivity
was found in initial fractions containing higher molecular weight proteins or protein
complexes (Figure 5A). SDSPAGEanalysis showed that in these active fractions not only
highmolecularweightproteins,butalsomanylowmolecularproteinswerepresent(Figure
5B).Fractionsshowingthehighestactivitywerepooledtogether(here2931)andreferredas
active fraction. Active fraction gave nearly 1.7 times higher specific activity compared to



















Figure 5: Fractionation of cytosol from J774A.1 macrophages by gelfiltration. Protein
concentrations of gel filtration fractions were determined by amino black staining. Actin binding
activityofproteincontainingfractionswaschecked.Molecularmarkersareshownonthetop.Typical
amino black staining is shown as insert in graph (A). To check the protein content initial protein
containing fractions and active fraction (AF) were loaded on 12% SDSPAGE and silver staining
fractionswere.Molecularmarkers sizes are shownon the left,Marker (M) (B). Immunoblotting of





















































No of Phagosome Proteion concentration

































For further purification, the active fraction was fractionated based on saltout
technique for protein precipitation. Here I preferred to use ammonium sulphate since in
most casesproteinprecipitated by the ammonium sulphate can be renaturedproperly by
dissolvinginappropriatebufferand/ordialysisagainstlowsaltbuffer.Fortheprecipitation
water saturated ammonium sulphate solutionwas added dropwise to 100 l (~5060 g
protein)active fractionandprecipitatedproteinswerecollectedasmentioned inmaterials









in material and method. Most of the stimulatory protein(s) found in protein precipitated at 30%
ammonium sulphate concentration (A). Cation exchange chromatography was performed using
phosphocellulose resins. Proteins bound to resin and eluted with highsalts (Elute) contained all
















































































For precise protein fractionation, I decided to use cation chromatography using
phosphocelluloseresign(P11).Similartoammoniumsulphatemethod100lactivefraction
was subjected to cation chromatography. Proteins unbound to the resinwere referred as
flow throughwhere proteins bound and proteins elutedwith 1MNaClwere referred as
elute.Eluteproteinscontainedmostactinbindingactivitywhereasunboundproteinshowed
inhibitory activity (Figure 6B). Presence of inhibitory activity was more evident during
cationchromatographyasfractiongavenearlyfivetimeshigherspecificactivitycompared














Control(buffer)  3.0  
Cytosol 0.50 17.1 34 100
Activefraction 0.49 27.4 56 165
Cationchromatography 0.10 26.4 264 773
4.1.5. Proteomicanalysisofphosphocelluloseelutedproteins
For further identification of proteins responsible for the FactinLBP interaction, the





probability and 2 unique peptideswere removed, this resulted in 75 proteins of interest.
Sincetheprotein(s)ofinterestshouldalsobeaphagosomebindingprotein,Icomparedour
LCMS/MSdatawiththosepreviouslyobtainedusingmassspectrometryanalysisofisolated




proteins only three, annexin A1, annexin A2 and moesin, have known lipid binding
propertiesandthuswereconsideredthemforfurtherinvestigation.Sincemoesin,amember















1 AhnakAHNAKnucleoproteinisoform1 IPI00553798 604.2 100% 92
2 Myh9Myosin9 IPI00123181 226.3 100% 66
3 Eef2Elongationfactor2 IPI00466069 95.3 100% 10
4 MsnMoesin IPI00110588 67.8 100% 8
5 TktTransketolase IPI00137409 67.6 100% 7
6 Stip1Stressinducedphosphoprotein1 IPI00121514 62.6 100% 5
7 Cct8Tcomplexprotein1subunittheta IPI00469268 59.5 100% 2
8 Pkm2PyruvatekinaseisozymeM2 IPI00407130 58.0 100% 20
9 Pdia3proteindisulfideisomeraseassociated3 IPI00230108 56.7 100% 7
10 Eef1a1Elongationfactor1alpha1 IPI00307837 50.7 100% 4
11 Eef1a2Elongationfactor1alpha2 IPI00119667 50.4 100% 5
12 Eef1gElongationfactor1gamma IPI00318841 50.0 100% 2
13 Pgk1;EG433594;EG668435phosphoglycerate
kinase1
IPI00230002 44.5 100% 13
14 AldoaFructosebisphosphatealdolaseA IPI00221402 39.3 100% 6
15 Anxa1AnnexinA1 IPI00230395 38.7 100% 3
16 Anxa2AnnexinA2 IPI00468203 38.7 100% 15
17 Mdh2Malatedehydrogenase,mitochondrial
precursor
IPI00323592 35.6 100% 3
18 Snx22;PpibpeptidylprolylisomeraseB IPI00135686 23.7 100% 3
19 Prdx1Peroxiredoxin1 IPI00121788 22.2 100% 6
20 Hist1h1cHistoneH1.2 IPI00223713 21.2 100% 3
21 2900073G15Rikmyosinlightchain,regulatory
Blike
IPI00109044 19.9 100% 6
22 Arpc4;Ttll3Actinrelatedprotein2/3complex
subunit4
IPI00138691 19.6 100% 3
Results  52
4.1.6. Recombinant annexin A1 stimulates FactinLBP interaction in a Ca2+
dependentmannerinvitro
OurinitialresultsobtainedduringcationchromatographysuggestedthatannexinA1
but not annexin A2 is responsible for the FactinLBP binding activity. To support our
hypothesisthatannexinA1,butnotannexinA2,whichisaclosehomologueintheannexin
family, isresponsible for theFactinLBP interactions Iperformedan invitroactinbinding
assayinpresenceofbacteriallyexpressedrecombinantfulllengthannexinA1andannexin
A2.As expected,both the annexinA1 and annexinA2 failed to stimulate the FactinLBP
interaction in the absenceofCa2+ (Figure 7).However, in thepresenceofCa2+ annexinA1
strongly stimulate the gelatinLBPFactin interaction, while annexin A2 failed to show a
significant effect (Figure 7). Since the S100A10, light chain of annexinA2 is important for
severalofitsbiologicalactivities(Miwaetal.,2008),anannexinA2effectontheFactinLBP




not annexinA2, isaprotein responsible formediating theFactinLBP interaction in vitro.









1 AnnexinA1(Anxa1) IPI00230395 38.7 (BlackwoodandErnst,1990)
2 AnnexinA2(Anxa2) IPI00468203 38.6 (BlackwoodandErnst,1990)
3 Moesin(Msn) IPI00110588 67.7 (Nakamuraetal.,1999)
4 Elongationfactor2(Eef2) IPI00466069 95.3 (Bektasetal.,1994)
5 Elongationfactor1alpha1(Eef1a1) IPI00307837 50.7 (Ejiri,2002)
6 Elongationfactor1alpha2(Eef1a2) IPI00119667 50.4 (Ejiri,2002)
7 Myosin9(Myh9) IPI00123181 226.3 (Knetschetal.,1999)
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2900073G15Rik myosin light chain,
regulatoryBlike
IPI00109044 19.9 (Fujitaetal.,1999)
10 AHNAKnucleoproteinisoform1(Ahnak) IPI00553798 604.2 (Benaudetal.,2004)
11 PyruvatekinaseisozymeM2(Pkm2) IPI00407130 58.0 (Arnoldetal.,1971)
Results  53
To confirm that inhibitory factor(s) can play also an important role in regulation of
annexin FactinLBP binding activity. Bacterial purified annexin A1 was incubated either
alone or with phosphocellulose flows through fraction. Strong reduction in FactinLBP
binding activity of annexin A1 was observed in presence of phosphocellulose unbound
proteins (Figure 7). Data clearly suggest the presence of inhibitory factors in phospho
celluloseflowthroughfraction.

Figure 7: In vitro actin binding assay with purified exogenous annexin A1 and annexin A2.
BacterialexpressedandpurifiedannexinA1(AnxA1)aloneorwithphosphocelluloseflowthrough
(AnxA1+FT),annexinA2 (AnxA2)andpig intestineannexinA2/S100A10heterotetramercomplex
(AnxA2ht)were incubatedwith the gelatinLBP in presence ofCa2+ (WithCa) or absences ofCa2+




The resultsmentioned above showed that exogenous, bacterially expressed annexin
A1canfacilitateFactinLBPinteraction.Inordertoconfirmtheroleofexogenousannexin
A1,itspresenceonisolatedgelatinLBPwasanalysed.UsingimmunofluorescencestainingI
proved that annexinA1was found on isolated gelatinLBP (Figure 8A, B,Nonstripped)
thatwerenottreatedwithhighsaltconcentration(nonstripped).IsolatednonstrippedLBP
hadmanymembrane associated proteins (Desjardins et al., 1994a;Hoffmann et al, 2010).
When nonstripped gelatinLBP were treated with 2M NaCl, they lost nearly all Factin
binding activity and a number ofmembrane associated proteins (AlHaddad et al., 2001;


































Without Ca With Ca
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removedpreboundannexinA1fromgelatinLBPmembranes(Figure8A,B,saltstripped).
Interestingly, the addition of bacterially expressed full length annexin A1 or phospho
cellulose eluted proteins to saltstripped gelatinLBP restored both, the appearance of
annexin A1 on gelatinLBP and their Factin binding activity (Figure 8 A, B and C).





Figure 8: Presence of annexin A1 on gelatinLBP. GelatinLBP (blue) were subjected to indirect
immunofluorescence microscopy using antibody against annexin A1 (green). Inserts: LBP marked
witharrowat3xmagnification.Bars=5m.MergedimageofdifferentlytreatedgelatinLBP(A)and
annexin A1 staining for differently treated gelatinLBP (B). Actin binding activity of nonstripped
(NS),saltstripped(SS),saltstrippedgelatinLBPincubatedwithannexinA1inpresenceofCa2+(SS+
























































NonstrippedLBP SaltstrippedLBP AnxA1Ca2+ AnxA1+Ca2+ SaltstrippedLBP+P11





nextanalysed its involvement in theactivityof this fractionbypreincubating theannexin
A1 containing, phosphocellulose eluted fraction with rabbit polyclonal antiannexin A1
antibodies. As a control, rabbit polyclonal antimoesin antibodies were used. Blocking of
annexinA1withtheantiannexinA1antibodiesstronglyreducedtheFactinLBPinteraction










P11 + _ + _ +
AntiAnnexinA1 _ + + _ _
AntiMoesin _ _ _ + +
Figure9:Inhibitionofactinbindingactivityusingspecificantibodies.RelativeFactinLBPbinding
activity of phosphocellulose eluted proteins (P11) alone orwith phosphocellulose eluted proteins
preincubated with antiannexin A1 (Antiannexin A1) or anti moesin antibodies (Antimoesin).
IncubationofphosphocelluloseelutedproteinwithantiannexinA1stronglyreduceditsFactinLBP
bindingactivity,whileantimoesinantibodydidnothaveanyeffect.
4.1.9. Effect of nucleotides and phospholipids on Annexin A1 FactinLBP
bindingactivity
Previousstudyby(AlHaddadetal.,2001)suggestedthatFactinLBPbindingcanbe
affected by the nucleotide. Therefore, I analysed the effect of different nucleotides and
phospholipids on annexin A1 FactinLBP stimulatory activity. Annexin A1, Ca2+, and
gelatinLBPwasincubatedfor20minutesbeforeperfusinginthereactionchamber.Previous















































activity. Annexin A1 was preincubated with ATP, ADP, AMPPNP, GTP, arachidonic acid (AA),
Cholesterol, phosphatidylcholine (PC), phosphatidylserine (PS) and phosphatidylinositol (4, 5) bis





role of annexin A1 in phagocytosis, annexin A1 was downregulated using siRNA in
culturedRAW264.7macrophages.Thecontrolandmocktransfectedcellsdidnotshowany



































(Figure 11C). However, siRNA transfected cells showed a nearly 50% reduction in their
phagocyticactivity(Figure11C).
     
 
Figure11:AnnexinA1knockdowncellsshowedimpairedphagocytosis.Immunoblottingofthecell
lysates prepared from control cells (Control),mock cells (Mock) and siRNA cells (siRNA)with anti
annexinA1(AnnexinA1)andantitubulin(Tubulin)antibodies(A).QuantificationofannexinA1
expression data obtained by immunoblotting, 3 independent experiments (B). Relative phagocytic
activity for gelatin or Fc coated latex beads (latex beads/cell) of transfected cells. Average of 3
independentexperiments(C).MocktransfectedandsiRNAtransfectedRAW264.7macrophageswere
incubatedwith3mlatexbeadsfordifferenttimes(seematerialsandmethods)toanalyselatexbeads
binding, phagocytic cup formation, early phagosome formation, and actin flashing. Annexin A1
knockdowndoesnotaffect latexbeadsbindingbutsignificantlyreducedotherphagocyticactivities
(D).
Several studies indicated that annexinA1knockout reduced the expression of some
phagocytic receptors in mouse macrophages (Hannon et al., 2003; Yona et al., 2004).
Therefore I checkedwhether the reduction of phagocytic activity in annexinA1 depleted
cells was a primary consequence of the reduced annexin A1 levels or a secondary effect
resulting from a potential decrease in cell surface receptors. First, I addressed this by
choosing a well defined Fc receptor (FcR) mediated phagocytic pathway, because the





















































































mouse IgG Fc fragments (Fcbeads),which, as shown previously, internalised specifically
throughFcRs(Ahmadetal.,2010;Hoffmannetal.,2010).Althoughphagocyticefficiencyof





Next, I investigated the role of annexin A1 in four major events of phagocytosis:
ligandreceptor binding, phagocytic cup formation, early gelatinLBP formation and actin
flashing of late gelatinLBP. SiRNA transfected RAW 264.7 macrophages were incubated
with 3 m latex gelatinbeads for different times and the binding and uptake of gelatin
beadswasanalysedasdescribedinmaterialandmethods.AnnexinA1knockdowndidnot
affect beads binding to RAW 264.7 macrophages (Figure 11D), but resulted in impaired
phagocytic cup formation (Figure 11D). The reduction in annexin A1 expression also
resulted innearly60%decrease inearlyphagosome formation (Figure11D).Furthermore,





Since annexin A1 knockdown had a strong inhibitory effect in phagocytic events
whereFactindynamicsplaysakeyrole,Istudiedspatialandtemporaldynamicsofannexin
A1associationwithgelatinLBPduringphagocyticeventsmentionedabove.
4.1.11.Spatial and temporal colocalisation of annexin A1 and Factin during
phagocytosis
Since actin polymerisation is a major and indispensible step of phagocytic cup
formation (Castellano et al., 2001) and since annexin A1 is an Factin binding protein
possibleinvolvedinlinkingactinfilamentstonascentphagosomes,Ianalysedapotentialco
localisation of annexin A1 and Factin at phagocytic cups. Therefore, macrophages were
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staining. Cells were stained for annexin A1 (green), Factin (Red) and a cytosolic marker
(CelltrackerTM in grey). (A)Maximum intensity projection of confocal images. (B) 3D cross section
imagesofphagocyticcup formation.AnnexinA1colocalisedwithFactinonextended filopodiaof
phagocyticcups(arrows).(C)DICimageshowspositionoflatexbead.(D)Sectionofconfocalimages










(Figure 12A). Therefore, a 3D crosssection analysis of confocal images was carried out
(Figure 12B). This analysis clearly showed that annexin A1 colocalised with Factin on
phagocytic cup(Figure12B,arrows).Toobtain further insight, I analysedconfocal images
for fluorescence intensity of the individual dyes (Figure 12D). Along with Factin, the
intensity of annexinA1 stainingwas found to behigher onphagocytic cups (Figure 12D,
arrows) compared to the staining intensity of the cytosol (Figure 12D, arrow heads) and








Naive LBP acquire a dense Factin network on the membrane, which gradually













followed by fixing and immunefluorescence staining with the late phagosome marker
LAMP2. The number of LAMP2 positive LBP per internalised gelatinbeadswas counted
andpresented inpercentage.Obtaineddata arepresented in the figurebelow.Thesedata
indicatethatthereisnomarkeddifferenceinphagosomematurationprocess.Thisfindingis
mentioned in our revisedmanuscript in the discussion (page no 16) (if necessarywe can
includethesedataassupplementarymaterial).
Figure 14: Effect of Annexin A1 knockdown on phagosome maturation. Gelatinbeads were
incubated with RAW 264.7 macrophage for 30 minutes and cells were stained with the late
phagosomemarker LAMP2 as an indicator of phagosomematuration. Knockdown of annexin A1
doesnothaveanyeffectongelatinLBPmaturationprocess.
4.1.13.AnnexinA1couldnotsupportactinnucleationongelatinLBP
Recently annexin A2 showed to be involved in actin polymerisation on endosomes
membrane (Morel et al., 2009). To investigate the possible involvement of annexin A1 in
actin polymerisation, I performed actin nucleation assay using purified and alexa594
labelledGactin.SinceannexinA2wasreportedtonucleateactin,itwasusedasthepositive

































1mM Ca2+ failed to stimulate actin polymerisation (Figure 15). As expected annexin A2
strongly stimulate actin nucleation on gelatinLBP surface in presence of Ca2+. Data also
suggest that annexin A1 alone can stimulate actin polymerisation on gelatinLBP surface
whichfurtherincreasesbyadditionon1mMCa2+(Figure15).
Since in presence of 1 mM Ca2+ and ATP actin can polymerise (Tellam, 1985) and
annexin A1 can bundle the polymerised actin filaments (Glenney, Jr. et al., 1987), it was
important to confirm that observed actin nucleation was not a false positive results. To
confirmtheobtaineddata,gelatinLBPwereincubatedwithannexinA1inthepresenceor
absence ofCa2+, followed by LBP purification bydiscontinuous sucrose gradient. Purified
LBPwere subjected to actin nucleation assay asmentioned before in presence or absence
Ca2+.NeitherannexinA1incubatedwithCa2+norwithoutCa2+wereabletonucleateactinon
LBPsurfaceboth inpresenceorabsenceofCa2+.LocalFactinaccumulationwasobserved









and Ca2+. (C) Actin accumulation on LBP purified following incubation with bacterial expressed
annexin A1 in presence of Ca2+. Inserts are 5 times magnification of actin accumulating and non
accumulatingLBP.
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annexin A1 provides the structural support and might not have any direct role in
polymerisation.
4.2. Ligandreceptor interaction decide the involvement of annexin A1
duringmacrophagephagocytosis




(Yona et al., 2004) also suggested stimulus dependent defect in mouse macrophages. These
studies inspiredustolookmoreinsight intotheroleofannexin indifferentreceptormediated
phagocytosis.Duetoseveral limitationsinclusionofallcharacterisedphagocyticreceptorswas







different Factin binding activity. (B) FcLBP and ManLBP (blue) were subjected to indirect


























A     B FcLBP ManLBP
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that different receptors derived LBP had different Factin binding affinity. Nonstripped












manLBP (Table 7). On other hand annexin A1 alone strongly reduces all LBP Factin
binding activity. Interestingly, stimulatory effect of annexin A1was different in different
LBP Factin binding activity but in all cases the maximum bound LBP per field was
restrictednearlyto13LBPperfield.ThesedataclearlyargueatgivenannexinA1andLBP
concentration, number of binding sites for annexinA1 on LBPmembranewas a limiting





LBP LBP+Ca2+ LBP+AnxA1 LBP+AnxA1+Ca2+
GelatinLBP 4.8±0.5 7.9±0.5 1.1±0.6 10.9±2.0
FcLBP 1.1±0.7 4.3±0.5 0.4±0.1 10.2±3.8
ManLBP 4.4±0.1 4.0±0.3 0.4±0.1 12.8±0.6
NonstrippedLBPcontainmorethan1000proteinsontheirsurfaces(Hoffmannetal.,
2010)sotherecouldbeanobviouscompetitionforthebindingsitessotostudytheeffectof
annexin A1 on different LBP, saltstripped LBP was incubated with bacterial purified
recombinant annexin A1 in presence or absence of Ca2+. Similar to nonstripped LBP,
presence of annexinA1 resulted in increase in FactinLBPbinding activity (Figure 17A).
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Stimulation in FcLBP and manactivity was nearly 2 times higher than gelatinLBP. To
confirm the presence of annexin A1 on Fc and manLBP were subjected to indirect
immunofluorescence.ImmunofluorescenceconfirmstheCa2+dependentannexinA1binding
tobothFcandmanLBP(Figure17B).Sincereceptorssignallingaffectproteincompositionof
LBP including the lipid metabolic enzymes (Hoffmann et al., 2010), I hypothesise that












To confirm the role of annexin A1 in FcR mediated phagocytosis and annexin
independent phagocytosis in mannose receptor mediated phagocytosis, annexin A1
expressionwasknockdownusinglentiviruscarryingshRNAagainstannexinA1.Lentivirus
transfectionresultedinstablytransfectedRAW264.7celllinewhichshowedmorethan90%
reduction in annexinA1 expression (Figure 18). AnnexinA1 shRNA expressionwas also
stableforat least2 freezeandthrowcycles.Stably transfectedmacrophagesshowedmore
than40%reductionintheirphagocyticactivitywhilenoeffecthadbeenobservedonman












































shRNA (shRNA) transfected cells. (B) Reduction in annexin A1 expression resulted in reduced
phagocyticactivityfortheFcbeads,wherenoeffectwasobservedinmanbeadsphagocytosis.
4.2.4. Annexin A1 does not colocalise with Factin on naive manLBP but
stronglycolocaliseonFcLBP.
Toanalyse apotential colocalisationof annexinA1andFactinonFc andMannose




that annexin A1 is not involved in mannose receptor mediated phagocytosis but an
importantcomponentofFcreceptormediatedphagocytosis.RAW264.7
A Factin   AnnexinA1   Merged


Figure 19:AnnexinA1 colocalisewithFactinonFcLBPbutnot onmanLBP.Fcbeads (A) and






































Taken together, my observations suggest that annexin A1 recruitment on LBP is
receptor specific. Annexin A1 found to be important in nonspecific and FcR mediated
phagocytosiswhereitprovidestructuralsupportduringdifferentstagesofphagocytosis.It
will be interesting to investigate that in absence of annexin A1 which protein provide
structuralsupportduringmanbeadsinternalisation
4.3. ExogenousannexinA1altermacrophagephagocyticactivity.
ANXA1 is released from pituitary cells in response to a glucocorticoid challenge
(Chapmanet al., 2003), so first I decided to check the secretion of annexinA1during the
different receptormediated phagocytosis but I did not succeed to get enough amount of
annexinA1whichcouldbedetectedbywesternblotting.AnnexinA1wasreportedinanti
inflammatorycytokineexpression(Yangetal.,2006;Yangetal.,2009)whichbelievedtobe
regulated by the annexin A1 binding to its extracellular receptor FPRL2 (Formyl Peptide
LikeReceptor2).

Figure 20: Exogenous annexin A1 altered macrophage phagocytosis. J774.A1 macrophages were
incubatedwithextracellularannexinA1for30minutesbeforeaddingFcormancoatedlatexbeads.
Extracellular annexin A1 strongly stimulated manbeads phagocytosis but reduced Fcbeads
phagocytosis.
To study the possible role of annexin A1 in regulation of RAW 264.7 macrophage
phagocytosis,IincubatedbacterialexpressedrecombinantannexinA1for30beforeadding
Fc or manbeads. Cells were also incubated with 2mM EGTA to study the extracellular
membraneboundannexinA1.The removalof extracellularmembraneboundannexinA1
did not affect the macrophage phagocytosis and was similar to the control Figure 20.


































annexinA1 strongly stimulate the annexinA1 phagocytosis (Figure 16). The extracellular
annexinA1notonlyaffectlatexbeadbindingtomacrophagesbutalsodecreaseandincrease
FcandManbeadsinternalisation,respectively(Figure20).





Since different receptor mediated phagocytosis had different protein composition.
Since the annexinA1haddifferenteffect ondifferent receptormediatedphagocytosis,we
checkedthatwhateffectofannexinA2hadondifferentLBPFactinLBPbindingactivity.
4.4.1. Annexin A2 can stimulate FcLBP and manLBP binding to Factin but
failedtostimulategelatinLBP
To analyse thepossible role of annexinA2 in FactinLBPbinding activity, different





























































4.4.2. Annexin A1 and annexin A2 competes for the same binding site on
differentLBP.
Since lipid properties are very common for annexin A1 and annexin A2, I asked
whether annexinA1 and annexinA2 compete for the same binding site or they have co
operativeeffectonFactinLBPbinding.Tostudytheeffect,LBPwereincubatedwithequal
amount of annexinA1and annexinA2 inpresence ofCa2+.Coincubationdidnot further
increase LBP binding to Factin, which suggested that in the case of Fc and ManLBP,







































































Once recognised by the cell surface receptors, internalisation and subsequent
intracellular transport of phagocytic particles require a highly regulated and dynamic
interaction of the phagosome membrane with cytoskeletal elements. Particle engulfment
requires extensive remodelling ofmembrane and actin cytoskeleton (May andMachesky,
2001). The newly formed phagosome possesses a dense coat of actin and ABPs that
subsequentlydecreasewithtimeandareeventuallylost(Castellanoetal.,2001;Greenberget
al., 1990; May and Machesky, 2001). Although signalling pathways for Factin
polymerisation during phagocytosis have been extensively studied (Allen and Aderem,
1996;Castellanoetal.,2001;Diakonovaetal.,2002),themechanicsofactindynamicsduring
phagosome formation  andparticularly the roleofABPs remainpoorlyunderstood. Since
severalyearsourgroupfocusesontheidentificationoftheABPsinvolvedinphagosomeF
actin interaction. In a previous study, I had shown that the unconventionalmyosinVa is




developed an in vitro lightmicroscopy assay to study phagosomeFactin interactions (Al





to single ligands and study their selective receptormediated uptake allows us to follow
maturationprocessesinmoredetail.Inaddition,oneofthemostimportantadvantageisthat
LBP can be isolated (>95% of purity) in single step procedure by flotation using a
discontinuoussucrosegradient(Desjardinsetal.,1994b;Desjardinsetal.,1994a;Desjardins




low protein concentrations (~0.5 mg/ml). However, an isolation of biochemically pure
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chromatography, I obtained a fraction that had about 8 times higher FactinLBP binding
activity than the starting cytosol (Table 4). Proteomic analysis of this active fraction and
systematic filtration of obtained data resulted in 12 ABPs; among these annexin A1 was
foundasthemostpromisingprotein,whichcanbeinvolvedinFactinLBPinteraction.
Several previous studies already reported the presence of annexins on phagosome
membrane (Desjardins et al., 1994a; Diakonova et al., 1997). The annexin super family
consistsof13calciumbindingproteinswithasignificantdegreeofbiologicalandstructural
homology.AnnexinA1isoneofthefirstcharacterisedmembersofthisfamily,whichbind
tophospholipids and actin inpresence of calcium (Glenney, Jr. et al., 1987). Furthermore,
Diakonova et al.1997 found the presence of five different annexins (1 to 5) on LBP. I
confirmed thepresenceof annexinA1ongelatinLBPby immunofluorescencemicroscopy
(Figure 8) and showed that annexin A1 can produce the interaction between Factin and
gelatinLBPinvitro(Figure7).
Annexin1bindsandbundlesFactininaCa2+dependentmanner,althoughhighCa2+






Ca2+ (Powell and Glenney, 1987; Schlaepfer and Haigler, 1987), I suggest the presence of
differentmechanismsforFactinandannexinA1interactioninvivo.AstimulationofFactin
LBP interaction in absence ofCa2+ by gelfiltration fractions and phosphocellulose eluted
proteinssupportsmyhypothesis(Figure6).However,anadditionofCa2+tothesefractions
furtherincreasedtheirFactinLBPbindingactivity.Therefore,theroleofCa2+inregulating
the interactionbetweenFactin,annexinA1andLBPduringphagocytosis requires further
investigations.
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Interestingly, my fractionation studies revealed that the cytosol contains most
probablynotonly factors stimulatingFactinLBP linkage like annexinA1andmyosinVa
(AlHaddadetal.,2001),butalsounknowninhibitoryfactor(s).Duetothepresenceofthese
inhibitory factors, annexin A1 present in the phosphocellulose unbound protein fraction
(Figure 6C) could not stimulate FactinLBP binding (Figure 6B). The presence of these
inhibitory factor(s) was confirmed by FactinLBP binding experiments, carried out with
recombinant annexin A1 in the absence or presence of aliquots of the phosphocellulose
unbound protein fraction. These revealed a nearly 2.5 times decrease in the annexin A1
stimulatory activity in the presence of the unbound protein fraction (Figure 7). The
identification of this inhibitory factor(s), which could play an important role in the
regulationoftheannexinA1LBPFactininteraction,willbeaspecificaimoffuturestudies.
5.2. AnnexinA1 acts as a functional linker between Factin and gelatin
LBP,invivo.
Mostannexinsareabundant intracellularproteins (RaynalandPollard,1994)and in
polymorphonuclear leukocytes (PMN) annexin A1 comprises nearly 2% of total cellular





13).The fact that annexinA1colocalisedwithFactin atplasmamembrane filopodia and
ruffles indicated that annexinA1 could play a role during phagocytic cup formation and
particleuptake.
MysiRNAdataandpreviousknockoutstudiesalsodemonstrated theimportanceof
annexin A1 for phagocytic activity (Hannon et al., 2003). siRNA transfected RAW 264.7
macrophagesshowedatleast50%reductioninannexinA1expressionandsimilarreduction
in the phagocytic activity (Figure 11). Also peritoneal macrophages from annexin A1
knockoutmiceshowedimpairedphagocytosis(Yonaetal.,2004;Yonaetal.,2006)andlower
zymosan internalisation correlating with a higher number of zymosan particles that
remainedboundto thecellssurface(Yonaetal.,2004). Interestingly,neitherknockoutnor
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knockdown of annexin A1 completely abolish the phagocytic activity of macrophages
indicatingtheexistenceofalternativebutlesseffectivemechanismforphagocytosis.
Themolecularmechanism bywhichmembrane bound annexin A1modulates actin
cytoskeleton reorganisation is yet to be discovered. However some reports already
establishedanassociationofannexinA1withFactin(Diakonovaetal.,1997;Glenney,Jr.et
al., 1987; Kusumawati et al., 2001; Schlaepfer andHaigler, 1987). Based on these andmy
findings,Iproposeamechanism,inwhichphospholipidsplayakeyroleinspatialtemporal
recruitment of annexin A1 to cell membranes from cytoplasm. Phosphatidylinositol 4, 5
bisphosphate (PIP2) iswell known for its role in actin remodelling and as an annexinA1
binding partner (Blackwood and Ernst, 1990). PIP2 influences Factin formation and
extensionbybindingtoavarietyofactincappingandmonomerbindingproteins(Maoand
Yin, 2007; Takenawa and Itoh, 2001; Yeung and Grinstein, 2007). In addition during
phagocytosis a transient accumulation of PIP2 at phagocytic site was observed due to
phosphatidylinositol4phosphate5kinase(PI4P5K)activity(Coppolinoetal.,2002;Scottet
al., 2005). Therefore, local PIP2 production at the phagocytic site can provide additional
bindingsitesforcytosolicannexinA1.IsuggestthatthisincreaseinlocalPIP2concentration
leads to annexin A1 recruitment and accumulation at phagocytic sites (Figure 12B).





2009;May andMachesky, 2001). Hydrolysis of PIP2 from phagocytic sites was observed
shortlyaftertheinitialphaseofaccumulationandeliminationofPIP2atthetimeofsealing
appears tobe required for successful completionofphagocytosis (Scottetal.,2005;Yeung
andGrinstein, 2007). Before the cup closes thePIP2 is degradedby thephospholipaseC
(PLC)but this is the timewherephosphatidicacid (PA) isproducedbyphospholipaseD
from phosphatidylcholine (Yeung and Grinstein, 2007). Annexin A1 has higher affinity
towardsPAcomparedtootherphospholipids(BlackwoodandErnst,1990).Availabilityof
otherbinding sites,possibly those rich inPA,helps retentionof annexinA1at thispoint.
Soonafterthecupcloses,thePAconcentrationalsodecreasesonthephagosomemembrane
(YeungandGrinstein,2007),whichmight lead to lossofannexinA1fromthephagosome
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surface (Figure 12B).Here I suggest thatdecreasingannexinA1 concentrations result ina
reductionofFactinonthephagosomeduetoabsenceofamembranelinkerprotein.Taking
together I suggest that annexin A1 is not directly involved in the actin dynamics but
provides structural support for a membraneFactin connection during the particle
internalisation.
EvenatlatestagesofphagocytosisannexinA1foundtobeassociatedwithgelatinLBP








A1 binding, it is not surprising that the annexin A1 present as isolated patches on LBP
membrane.
Recently a transient actin flashing on phagosomes, which took place at late




flashing onLBP.Reduction in actin flashingwasproportional to reduction in annexinA1
expression with 50% reduction of annexin A1 resulting in nearly 40% reduction in actin
flashingevents (Figure11D).Thedataonce again indicate that annexinA1 is a functional
linkerbetweenLBPandFactinduringthebothearlyandlatestagesofphagocytosis.
5.3. Nterminal domain might not be important for Factin and LBP
bindingactivity.






(Chuah and Pallen, 1989) and Nterminaltruncated protein requiring less Ca2+ for
phospholipidbinding(Andoetal.,1989).InteractionofannexinA1withmembrane(Wang
and Creutz, 1994) and liposome (Porte et al., 1996) has been found to be regulated by
phosphorylationofNterminaldomain.However,binding to liposomesandthe liposome
aggregating ability of annexin A1 are differently regulated. Annexin A1 S27E mutation,
whichmimicked phosphorylated state ofNterminal domain does notmodify binding to
liposomeswhiletheabilityofannexinA1toaggregate liposomesisabolished(Porteetal.,
1996). I observed that the presence of serine/threonin and tyrosine kinases inhibitors in
macrophagecytosoldonotalter itsstimulatoryeffect inFactinLBP interaction.Moreover
thecoredomainwhichcontainactinbindingsiteofdifferentannexinsshareshighhomology
and the removal of N terminal domain does not alter annexin A1 association with
phagosomesinJ774A.1cellline(Kusumawatietal.,2001),itistemptingtospeculatethatone
of the annexin protein family members, probably annexin A2, takes over its role in
phagocytosis. Although the data suggest that annexin A1 phosphorylation might not be
importantforitsinteractionwithFactin,furtherinvivoinvestigationhastobecarriedout.
5.4. Ligandreceptor interaction regulates the involvementofannexinA1
inphagocytosis
It is well accepted that different receptor mediated phagocytosis takes different
maturationpathwaysandalsoharbourdifferentproteinandlipidcomposition.Asignificant
number of the proteins that are synthesised in response to a phagocytic signal can be
expectedtoplayageneralroleinphagosomematurationandfunctions.Themostobvious
class of proteins that can influence these processes are those that are inserted into the
membrane or delivered within the lumen of the phagosome. Given that each receptor
inducedasignificantfractionofitsownspecificsetofgenes(Hoffmannetal.,2010)andso
theprotein composition, itwas interesting to compare the actin bindingproperties of the
different LBP. As expected different receptor mediated phagosome had different Factin
bindingproperties(Figure16).Thoughmanbeadsinternalisedandmaturemuchfasterthan
theFcbeads, after 60minutespulse timebothhaveequalpercentageofLAMP2positive
phagosomes(Hoffmannetal.,2010).ConsideringthisfactIsuggestthatobtaineddifferences




with his studywe found that annexinA1was not present on themanLBP (Figure 16B).
Here, I hypothesis that reduced FcLBP binding was due the presence of unidentified
inhibitoryfactorwhichblocktheannexinA1Factinbindingactivity.Inabsenceofannexin
A1, manLBP Factin binding activity might be supported by other FactinLBP linker
protein likemyosinVa.AnnexinA1 independentFactinbindingofmanLBPwas further
supportedbythefactthatpresenceofCa2+increasedtheother(FcandGelatinLBP)Factin
LBPbindingactivitybutfailedtostimulatemanLBPFactinbindingactivity(Table4).Inin
vitro condition purified annexin A1 was able to stimulate all studied nonstripped LBP
indicatesthatunderinvivoconditionsproteinscompetesforthesamebindingsitesonLBP
membrane. Similar to the gelatinLBP, saltstripping greatly reduce the Factin binding
activity of different LBP. After the saltstripping, annexin A1 showed similar stimulatory
effect on Fc and manLBP (Figure 17). This observation further supports my theory of
competitive binding of different proteins on LBP surface under in vivo condition. In vitro
datawasfurthercorroboratedbytheinvivostudywhereIshowedcolocalisationofannexin
A1withFactinonlyonearlyFcLBP(Figure19).
It is tempting to speculate that the association of annexin A1 with phagosomes is
simplymediatedthroughtheirabilitytobindtomembranesinaCa2+dependentfashion,but
that this is not so straight forward. Some intracellular pathogenshave evolved structures
andmechanisms,whichallowthemtoleavetheusualpathway,thusavoidinganencounter




specific recruitment ofAnnexinA1was first reported by (Harricane et al., 1996). In their
studytheyfirsttimereportedthatannexinA1isrecruitedonlyonnonpathogenicE.colior
dead Brucella suis phagosome where live pathogenic B. suis prevent the recruitment of
annexinA1periphagosomalregion.IntracellularstimulidependentannexinA1recruitment





2004). With help of flowcytometry analysis they suggested that peritoneal macrophages
showed impaired phagocytosis of nonopsonised zymosan particles where no defect was
observedwhen opsonised zymosanwhere used.Moreover they showed that annexin A1








speculated on the possible role of the annexin family. In these processes some groups
focussing upon an external and others on an internal role for the protein. My previous
studies provide insight in to the intracellular role of the annexin A1 in phagosome
biogenesis.Next,IdecidetoevaluateroleextracellularannexinA1inphagocytosis.(Becker
andGrasso, 1988) first time reported thatdexamethasone induced the releaseof aprotein
suppressed phagocytosis of yeast particles from elicited murine macrophages. Later this




Extracellular annexin A1 signals through a sevenmembranespanning Gprotein
coupledreceptor(GPCR)knownasformylpeptidereceptor2(FPR2;alsoknownasALXRin
humans),whichisalsothereceptorfortheantiinflammatorymoleculelipoxinA4(Perretti,
2003). HumanALXR belongs to a small family of receptors consisting of threemembers
(FPR1,ALXR and FPR3) that are coupled toGproteins and are expressedby several cell
types, including human neutrophils, monocytes, macrophages, endothelial cells and
epithelialcells(PerrettiandD	Acquisto,2009).AnnexinA1andpeptidesderivedfromitsN
terminal region compete with lipoxin A4 and also with another ALXR ligand, serum
Discussion  79
amyloid protein A, for binding to ALXR (Perretti, 2003; Perretti and D	Acquisto, 2009).
Intriguingly,peptidesderivedfromtheannexinA1Nterminalregionhavebeenshownto
activateallthreereceptorsoftheFPRfamilyinvitro(Dahlgrenetal.,2000).
In agreement with previous studies I suggest that the observed reduced Fcbeads
internalisation was due to the antiinflammatory action of annexin A1 (Figure 20). FcR
receptor mediated phagocytosis usually accompanied by the macrophage activation and
inflammatoryresponse(GarciaGarciaandRosales,2002).ExtracellularannexinA1generate
the antiinflammatory signalling and reduced the activation of macrophage which might
resultinreducedFcbeadsinternalisation.Surprisingly,extracellularannexinA1stimulated





Downstream signalling following annexin A1induced ALXR activation involves
transientphosphorylationofextracellularregulatedkinase 1 and2 (Chatterjeeet al., 2005;
Hayhoeetal.,2006).BlockingofALXRwithamonoclonalantibodypreventedannexinA1
induced inhibition of human neutrophils transmigration and adhesion to endothelialcell
monolayer under flow (Perretti and D	Acquisto, 2009).Interestingly, when these cells are
activated, cytokine release is exacerbated by the absence of this protein. The exact
mechanismbywhichthelackofannexinA1resultsinthisenhancedcytokineproductionis
not completely understood but a likely explanation emerging from recent studies is the
absenceofanimportantnegativefeedbackloop,autocrinestimulationbyannexinA1ofthe
FPRreceptorfamilyinthesecells.Althoughtheintracellularsignallingpathwayshaveyetto
be completely elucidated, recent experimental evidence now supports the involvement of
thisreceptorfamilyinthetransductionofsignalsfromextracellularannexinA1(Ernstetal.,




conclusion.Timeandsituationpermits, Iwouldlike topursue thisstudytoprovidemore
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